Escherichia coli DNA topoisomerase I is the best characterized bacterial type I DNA topoisomerases (for review, see Refs. 1 and 2). Its major function in vivo is the removal of negative supercoils from DNA (3, 4). In vitro, such relaxation activity requires that Mg(II) be present in the reaction mixture (3, 5).
Escherichia coli DNA topoisomerase I is the best characterized bacterial type I DNA topoisomerases (for review, see Refs. 1 and 2). Its major function in vivo is the removal of negative supercoils from DNA (3, 4) . In vitro, such relaxation activity requires that Mg(II) be present in the reaction mixture (3, 5) .
When other divalent ions were tested (5), Ca(II) could partly replace the Mg(II) in the relaxation of negatively supercoiled DNA while the presence of other divalent ions, such as Mn(II), did not support the relaxation of negatively supercoiled DNA by the enzyme. Moreover, the presence of 2 mM Mn(II) had an inhibitory effect when co-incubated with the enzyme and 2 mM Mg(II) (5). These results suggested that there are specific interactions between Mg(II) and the enzyme or enzyme⅐DNA complex.
The three-dimensional structure of the 67-kDa N-terminal fragment of E. coli DNA topoisomerase I has been determined by x-ray crystallography (6) . It was noted (6) that near the active site nucleophile Tyr-319, there are three acidic residues, Asp-111, Asp-113, and Glu-115 arranged similarly to the three acidic residues known to coordinate two divalent ions in Klenow fragment (7) . According to the models proposed for DNA polymerase mechanism, these coordinated divalent ions are essential for the nucleotidyl transfer catalytic activity (8, 9) of DNA polymerases. However, divalent ions were not present in the topoisomerase I crystal structure (6) . It is also known that Mg(II) is not required for DNA cleavage by topoisomerase and formation of the covalent protein-DNA intermediate (10) although Mg(II) is required for intermolecular religation to be observed (11) . It remains unclear if Mg(II) interacts directly with the enzyme.
The basis for the requirement of Mg(II) for relaxation activity needs to be elucidated to fully understand the enzyme mechanism. There are several possible roles for Mg(II) in the relaxation of negatively supercoiled DNA by E. coli DNA topoisomerase I. For a direct role in catalysis, one or more Mg(II) bound at the active site may activate the Tyr-319 hydroxyl nucleophile and stabilize the DNA 3ЈOH-leaving group during the DNA strand cleavage step, and/or they may activate the DNA 3ЈOH as the attacking nucleophile and stabilze the Tyr-319 hydroxyl-leaving group during the DNA religation step. More indirectly, Mg(II) coordination may place the DNA phosphates and enzyme catalytic groups in the positions required for catalysis. In addition, binding of Mg(II) may allow the enzyme to undergo the conformational changes postulated to be required for the strand passage, DNA religation and substrate release steps in the proposed mechanism of reaction (6) .
The fluorescence of tryptophan residues is highly dependent on their local environment and enzyme conformation. We demonstrated here that significant changes in enzyme structure could be observed in the presence of 2 mM MgCl 2 , affecting the tryptophan emission intensity. This suggests that Mg(II) binding may allow the enzyme to assume a conformation necessary for DNA relaxation to be catalyzed.
We have previously shown that purified E. coli DNA topoisomerase I that has been dialyzed against buffer containing 0.2 mM EDTA did not contain any bound Mg(II) when analyzed by inductively coupled plasma (ICP) 1 (12) . By removing or reducing the amount of EDTA in the dialysis buffer, we have now found that the enzyme could form a complex with 1-2 Mg(II) bound to each enzyme molecule in addition to the 3 Zn(II) bound to the tetracysteine motifs in the Zn(II) binding domain (12) . The Mg(II) bound enzyme is active in the relaxation of negatively supercoiled DNA without the presence of additional Mg(II) in the reaction mixture. We have also determined the amount of Mg(II) bound to each enzyme molecule at different Mg(II) concentrations in the solution after equilibrium dialysis. Correlation of enzyme activity and stoichiometry of bound Mg(II) indicated that two Mg(II) binding sites have to be occupied for the enzyme to catalyze the relaxation of negatively supercoiled DNA.
EXPERIMENTAL PROCEDURES
Materials-All chemical reagents used were ultrapure or Baker analyzed reagent grade. Methyl methanethiosulfonate was from Sigma. Solutions were prepared with water first deionized with the Barnstead Nanopure system and then passed over a Bio-Rad chelex 100 resin (100 -200 mesh sodium form) column to remove any remaining contam-inating metal ions. Tubes, spectrophotometric cells, and glasswares for measurements and assays were first washed with 10 mM EDTA and then rinsed extensively with metal-free water.
Topoisomerase I Preparations-E. coli DNA topoisomerase I was prepared from MV1190 cells transformed with the overexpression plasmid pJW312, as described previously (12) . To prepare Mg(II) bound enzyme, 2.5 ml of topoisomerase I (0.4 mg/ml) were incubated with 2 mM MgCl 2 at 37°C for 30 min and then dialyzed with buffer A (20 mM potassium phosphate, pH 7.4, 0.1 M KCl, 0.2 mM DTT) with and without 50 M EDTA at 4°C for 24 h with one buffer change. Protein concentrations were determined with the Bio-Rad D c protein assay reagent. Zn(II) and Mg(II) were analyzed by ICP analysis at Trace Metals Analytical Services (Westfield, NJ). The metal contents of the dialysis buffer were also determined along with the topoisomerase samples to correct the background.
Intrinsic Tryptophan Fluorescence Measurements-Fluorescence measurements were performed with the Perkin-Elmer LS-5B luminescence spectrometer at room temperature (ϳ25°C). The spectral bandwidths were 5 and 10 nm, respectively, for excitation and emission. Excitation was routinely performed at 295 nm. The sensitivity scale was adjusted for an initial relative fluorescence for topoisomerase I at above 90% full scale. Each data point reported was an average of three determinations. In all the measurements, a final protein concentration of 0.1 mg/ml of protein was present in 20 mM potassium phosphate, pH 7.4, 0.1 M KCl. All the measurements were corrected for the spectrum of the buffer solution used.
Relaxation Assay-The topoisomerase I samples were serially diluted and assayed for relaxation activity in 20 l with 0.5 g of negatively supercoiled pJW312 plasmid DNA, 10 mM Tris-HCl, pH 8.0, 50 mM NaCl, and 0.1 mg/ml gelatin. MgCl 2 , when present, was 6 mM concentration unless indicated otherwise. After incubation at 37°C for 30 min, the reactions were stopped by the addition of 5 l of 50% glycerol, 50 mM EDTA, and 0.5% (v/v) bromphenol blue, followed by electrophoresis in a 0.7% agarose gel with TAE buffer (40 mM Trisacetate, pH 8.1, 2 mM EDTA). DNA was visualized by staining the gel with ethidium bromide and photographed over UV light.
Oligonucleotide Cleavage Assay-The oligonucleotide d(i-UA 7 ), with an iodo-uracil as the first base, was used as cleavage substrate because this oligonucleotide was found to have a relatively fast cleavage rate compared with other oligonucleotide substrates of similar size. 2 The oligonucleotide was labeled at the 5Ј end with T4 polynucleotide kinase and [␥-32 P]ATP and then gel purified. Cleavage reactions were carried out in 10 mM Tris-HCl, pH 8.0, at 37°C. The enzyme (0.5 M) and oligonucleotide (0.1 M) were pre-incubated separately for 5 min before mixing to start the kinetic analysis. Aliquots of 5 l of the reaction mixture were removed at appropriate time points and mixed with 10 l of alkali stop solution (79% formamide (v/v), 197 mM NaOH, 0.1 mM EDTA, 0.02% bromphenol blue (w/v)). A 4-base long 5Ј end-labeled product formed as the result of enzyme cleavage. This was separated from the 5Ј end-labeled substrate by electrophoresis in a 20% denaturing polyacrylamide gel with TBE buffer (13) . After autoradiography, bands were excised from the gel and mixed with 3 ml of Ecoscint (National Diagnostics) for counting in a Beckman LS7000 scintillation counter.
Equilibrium Dialysis-0.7 ml of topoisomerase I (0.8 mg/ml) was dialyzed against 800 ml of buffer A with MgCl 2 concentrations of 50, 200, and 400 M at room temperature for 7 h. Both the enzyme and dialysis buffer samples were analyzed for Mg(II) content by ICP analysis.
RESULTS

Mg(II) Affects the Fluorescence Emission of Tryptophan Residues in
Topoisomerase I-Titration of topoisomerase I with increasing concentrations of MgCl 2 was carried out while monitoring the fluorescence emission spectrum of the enzyme with excitation at 295 nm (Fig. 1) . At this excitation wavelength, the fluorescence signal should be primarily due to the 10 tryptophan residues in topoisomerase I. Given the large number of tryptophan residues in each enzyme molecule, it was difficult to deduce how individual tryptophan residues might have been affected in their environments by the presence of Mg(II). Nevertheless, a decrease in the overall fluorescence emission intensity was observed with increasing concentrations of Mg(II) reaching a maximum at 0.5 mM. A slight blue shift in the emission maximum from 337 to 333 nm could also be observed. This data suggested that the microenvironment around at least some of the tryptophan residues was changed significantly as a result of binding of Mg(II) to the enzyme. The effect of 2 mM Mg(II) on the fluorescence properties of topoisomerase I was totally reversed by the addition of 2 mM EDTA (Fig. 1A) . The addition of 2 mM MnCl 2 had no effect on the protein fluorescence emission. This indicated that the change in fluorescence observed for addition of Mg(II) was not due to a change in the ionic strength.
Two of the ten tryptophans in E. coli DNA topoisomerase I are in the 14-kDa C-terminal domain (14, 15) . The top85 truncated form of topoisomerase I retains DNA relaxation activity but has lower affinity to the DNA substrate due to the absence of the 14-kDa C-terminal domain, resulting in lower processivity in the relaxation of negatively supercoiled DNA (14) . The Zn(II) binding domain does not have any tryptophan residues. Therefore, all eight tryptophan residues in top85 are present in the 67-kDa N-terminal domain and can be located in the crystal structure (6). When MgCl 2 was added to top85, quenching of tryptophan fluorescence also occurred with no shift in the wavelength for fluorescence emission maximum (Fig. 1B) .
The decrease in fluorescence intensity of topoisomerase I with increasing concentrations of Mg(II) was followed at two different enzyme concentrations (Fig. 2) . The change in the slope of the decreasing fluorescence intensity was in agreement with the enzyme first binding to 1 Mg(II) at a high affinity site and then binding at least 1 more Mg(II) with lower affinity until saturation.
Topoisomerase I with Mg(II) Bound in Stoichiometric Amounts-We have previously reported that DNA topoisomerase I isolated from E. coli does not have any bound Mg(II) when analyzed by ICP atomic absorption analysis (12) . This is probably due to the 0.5 mM EDTA present in the purification buffer. To test if Mg(II) binding to topoisomerase I can be detected by ICP, purified topoisomerase I was incubated with 2 mM MgCl 2 and then dialyzed against buffer with or without 50 M EDTA. Results of ICP analysis of the Zn(II) and Mg(II) bound to the enzyme preparations (Table I) showed that slightly more than one Mg(II) remained bound to each enzyme molecule when dialysis was against buffer with 50 M EDTA (Preparation 1). The mole ratio of Mg(II) bound per molecule of enzyme increased to around 2 when EDTA was omitted from the dialysis buffer (Preparation 2). The fluorescence intensity of the enzyme samples measured right after dialysis were decreased compared with enzyme dialyzed without preincubation with Mg(II) (data not shown). This confirmed that the change in fluorescence observed upon addition of Mg(II) to topoisomerase was likely to be due to binding of the metal ions to the enzyme.
Mg(II)⅐Topoisomerase I Complex Can Relax Supercoiled DNA without Further Addition of Mg(II)-Samples of topoisomerase I prepared for ICP analysis after Mg(II) binding and dialysis
were also diluted serially and assayed for relaxation activity without further addition of Mg(II) to the reaction mixture (Fig.  3 ). The two preparations showed different degrees of relaxation capability, with approximately 10 -20-fold higher activity for Preparation 2 compared with Preparation 1. The activity of Preparation 2 in the absence of Mg(II) in the reaction buffer was only slightly less than the activity of the enzyme in a reaction buffer with 6 mM MgCl 2 . The final concentration of Mg(II) added as part of Mg(II)-enzyme Preparations 1 and 2 dilutions ranged from 10 to 600 nM. Enzyme dialyzed without preincubation with Mg(II) was totally inactive under these assay conditions. To observe any partial relaxation activity with Mg(II) added as part of the reaction buffer, 0.15 mM of MgCl 2 was required under the assay conditions employed here (Fig. 4) . Therefore, for the Mg(II) in enzyme Preparations 1 and 2 to allow relaxation activity to be detectable, some of the Mg(II) must have remained bound to the enzyme at least during the initial part of the reaction time course although dissociation of the bound Mg(II) might be taking place during the incubation at 37°C.
Mg(II) Bound to Topoisomerase I Can Stimulate the Oligonucleotide Cleavage Activity-Mg(II)
is not required for DNA cleavage by E. coli DNA topoisomerase I. However, the rate of cleavage of small oligonucleotides has been shown to be stimulated by the presence of Mg(II) (5, 13). We measured the rate of cleavage of a small oligonucleotide by the different preparations of topoisomerase I (Fig. 5) . Compared with enzyme with no Mg(II) bound, the rate of oligonucleotide cleavage of Preparation 1 with the average of 1 bound Mg(II) in each enzyme molecule was 1.5-fold higher while Preparation 2 with the average of around 2 bound Mg(II) in each enzyme molecule gave an oligonucleotide cleavage rate that was around 3-fold higher. This cleavage rate obtained with Preparation 2 in the absence of additional Mg(II) in the buffer was lower than the rate in the presence of 6 mM MgCl 2 in the reaction buffer. Similar results were obtained when millimolar amounts of MgCl 2 were added to the cleavage reaction buffer for oligonucleotide dT 8 (5) . While near maximal relaxation activity can be achieved with 2 mM MgCl 2 , the oligonucleotide dT 8 cleavage rate can be further stimulated by Mg(II) concentrations higher than that needed for having 2 bound Mg(II)/enzyme molecule (5) . The cleavage of small oligonucleotides by E. coli topoisomerase I is followed by release of the noncovalently bound DNA cleavage product and hydrolysis of the covalent phosphotyrosine linkage, steps not present in the relaxation of supercoiled DNA, thus accounting for the difference in Mg(II) dependence (5, 13) .
Mg(II) Binding Stoichiometry after Equilibrium DialysisMg(II) binding stoichiometries were also determined using ICP after equilibrium dialysis with the same buffer used for fluorescence measurements, at three different MgCl 2 concentrations. The results are summarized in Table II . Relaxation assays were also performed with this buffer and increasing concentrations of MgCl 2 . The results were similar to those shown in Fig. 4 . At 50 M MgCl 2 , less than 1 Mg(II) was bound to each enzyme molecule and relaxation activity could not be observed. At 200 M MgCl 2 , the average number of Mg(II) bound to each enzyme molecule was slightly more than 1, and partial relaxation activity could be observed. At 400 M MgCl 2 , the number of Mg(II) bound to each enzyme was nearly 2, and the relaxation activity observed was nearly the same as the full activity obtained with 6 mM MgCl 2 present.
DISCUSSION
The type IA subfamily of type I DNA topoisomerases to which E. coli DNA topoisomerase I belongs shares an important catalytic property with type II DNA topoisomerases in their common requirement for Mg(II) in catalysis. In contrast, the type IB subfamily enzymes (represented by human topoisomerase I and vaccinia virus topoisomerase I) do not require divalent ions in their catalytic mechanism. The results presented here showed that E. coli DNA topoisomerase I with stoichiometric amounts of bound Mg(II) could be prepared. Such enzyme preparations had the ability to catalyze the relaxation of negatively supercoiled DNA without additional Mg(II) present in the solution. The oligonucleotide cleavage activity was also stimulated by the bound Mg(II). This shows that Mg(II) ions could bind to sites on the enzyme in the absence of any DNA substrate. This Mg(II) coordination was sufficient for subsequent DNA relaxation to be catalyzed. While it is possible that one or more DNA phosphates may replace at least one of the original Mg(II) coordination sites, Mg(II) did not have to interact extensively with the DNA substrate for catalysis to take place in the experiment shown in Fig. 3 since the concentration of Mg(II) present in the system was orders of magnitude lower than the concentrations of DNA phosphates. 
